Obesity is associated with a cluster of abnormalities, including hypertension, insulin resistance, hyperinsulinemia, and elevated levels of both plasminogen activator inhibitor 1 (PAI-1) and transforming growth factor ␤ (TGF-␤). Although these changes may increase the risk for accelerated atherosclerosis and fatal myocardial infarction, the underlying molecular mechanisms remain to be defined. Although tumor necrosis factor ␣ (TNF-␣) has been implicated in the insulin resistance associated with obesity, its role in other disorders of obesity is largely unknown. In this report, we show that in obese (ob͞ob) mice, neutralization of TNF-␣ or deletion of both TNF receptors (TNFRs) results in significantly reduced levels of plasma PAI-1 antigen, plasma insulin, and adipose tissue PAI-1 and TGF-␤ mRNAs. Studies in which exogenous TNF-␣ was infused into lean mice lacking individual TNFRs indicate that TNF-␣ signaling of PAI-1 in adipose tissue can be mediated by either the p55 or the p75 TNFR. However, TNF-␣ signaling of TGF-␤ mRNA expression in adipose tissue is mediated exclusively via the p55 TNFR. Our results suggest that TNF-␣ is a common link between the insulin resistance and elevated PAI-1 and TGF-␤ in obesity. The chronic elevation of TNF-␣ in obesity thus may directly promote the development of the complex cardiovascular risk profile associated with this condition.
Obesity is rapidly increasing in Western societies and with it there is a steadily increasing risk for obesity-related disorders (syndrome X; refs. 1 and 2), including cardiovascular disease (3, 4) . In spite of the magnitude and cost of this problem, the molecular changes in obesity that promote these conditions remain to be defined. Tumor necrosis factor ␣ (TNF-␣) is chronically elevated in adipose tissues of obese rodents and humans (5) (6) (7) (8) and may represent an important link between obesity and insulin resistance (5, 9, 10) . However, it is not yet clear whether this cytokine also contributes to other obesityrelated pathologies. Experimental support for this possibility would help to clarify the role of TNF-␣ in the various metabolic and cardiovascular disorders associated with obesity.
The increased incidence of cardiovascular disease (3, 4) may be related to the elevated levels of hemostatic factors like fibrinogen, factor VII, and plasminogen activator inhibitor 1 (PAI-1) observed in the plasma of obese patients (11) (12) (13) (14) . PAI-1 is the primary inhibitor of plasminogen activation in vivo, and increased plasma PAI-1 compromises normal fibrin clearance mechanisms and promotes thrombosis (15, 16) , including myocardial infarction (16, 17) . Although PAI-1 is dramatically up-regulated in human obesity (11) (12) (13) (14) , little is known about the origin of this plasma inhibitor in obesity or about the signals that control its biosynthesis. Recent evidence suggests that the adipose tissue itself may contribute to the elevated expression of PAI-1 in obesity. For example, relatively high levels of PAI-1 mRNA were detected in murine adipose tissue (18) , and clinical studies of obese patients demonstrate that plasma PAI-1 levels decrease after weight loss because of surgery or dietary intervention (2, 3, (19) (20) (21) . Moreover, in genetically obese (ob͞ob) mice, adipocyte PAI-1 expression and plasma PAI-1 levels are significantly elevated (22) . Significant expression of PAI-1 mRNA also has been demonstrated in cultured 3T3-L1 adipocytes (23) , the visceral and s.c. fat of obese rats (24) , and adipose tissues from human subjects (25) .
Several observations implicate TNF-␣ in the increased expression of PAI-1 in obese adipose tissue. TNF-␣ expression is elevated in adipose tissue of both rodents and humans (5) (6) (7) (8) . Additionally, TNF-␣ stimulates PAI-1 biosynthesis by a variety of cells, including 3T3-L1 adipocytes (16, 18, 23) . Intraperitoneal administration of TNF-␣ into lean mice increases PAI-1 mRNA in the adipose tissue and does so in a pattern of cellular expression that is similar to that observed in obese mice (22, 23) . Recent studies show that human adipose tissue explants respond to exogenous TNF-␣ with increased PAI-1 expression, and that the addition of pentoxifylline (a methylxanthine known to inhibit TNF-␣) decreases basal and TNF-␣-induced PAI-1 levels (26). Interestingly, insulin (22) and transforming growth factor ␤ (TGF-␤) (27) also have been implicated in the increased expression of PAI-1 in obesity, and TNF-␣ contributes to the increase in both of these mediators (9, 10, 27) . These observations support the hypothesis that the chronic elevation of TNF-␣ in obesity (7, 8) may stimulate PAI-1 and TGF-␤ biosynthesis in the adipose tissue and contribute to the elevated levels of plasma PAI-1 observed in obese humans and rodents. In this study, we directly address this hypothesis. We show that inhibition of TNF-␣ in vivo by infusion of neutralizing antibodies, or deletion of both the p55 and p75 TNF-␣ receptors (TNFRs), leads to a 50% decrease in plasma PAI-1 antigen and an 80-85% reduction of adipose tissue PAI-1 and TGF-␤ mRNAs in ob͞ob mice. These results directly implicate TNF-␣ in the elevated PAI-1 and TGF-␤ gene expression previously observed in the adipose tissue of obese mice. Although TNF-␣ also appears to play a significant role in the elevated plasma PAI-1 associated with murine obesity, the failure to decrease plasma PAI-1 by more than 50% in these experiments suggests that other mechanisms are involved as well.
MATERIALS AND METHODS
Animals. Adult male obese mice (C57BL͞6J ob͞ob) and their lean counterparts (C57BL͞6J ϩ͞?) were obtained from
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The Jackson Laboratory. ob͞ob mice deficient in both TNFRs (p55 Ϫ/Ϫ p75 Ϫ/Ϫ ) were generated by crossing and back-crossing lean mice deficient in these receptors to ob͞ob mice as described (28) and genotyped by using PCR-based assays (28) . In some experiments, obese mice were injected i.p. with either 25 g of the IgG fraction of a neutralizing hamster mAb to mouse TNF␣ (Genzyme) or with equivalent amounts of normal hamster IgG as a control. Six hours later, the mice were anesthetized by inhalation of metofane (Pitman-Moore, Mundelein, IL), their blood was collected into 20 mM (final concentration) EDTA, pH 8.0, and their adipose tissues were rapidly removed and immediately frozen in liquid nitrogen for preparation of total RNA (23) . In other experiments, wild-type lean mice (C57BL͞6J), as well as lean mice lacking p55 TNFR, p75 TNFR, or both, were injected i.p. with recombinant murine TNF-␣, 4 g per mouse in 100 l of sterile saline (kind gift of Richard Ulevitch, The Scripps Research Institute). Control animals were injected with 100 l of saline alone. Three hours later, blood was collected and adipose tissues were removed and processed for in situ hybridization (below) or the preparation of total RNA.
Determination of PAI-1, Insulin, and TGF-␤ Levels in Plasma. Active PAI-1 antigen in plasma was determined by using the t-PA binding assay as described (29) . The results were compared with a standard curve constructed by using recombinant mouse PAI-1. Plasma insulin levels were determined by using a rat insulin ELISA assay from Crystal Chem (Chicago) together with a mouse insulin standard according to the manufacturer's instructions. Total plasma TGF-␤ levels were measured by using the PREDICTA TGF-␤1 kit from Genzyme, according to the manufacturer's instructions.
RNA Analysis. The concentration of PAI-1 and TGF-␤ mRNAs in tissues was determined by quantitative reverse transcription-PCR by using a competitor cRNA containing upstream and downstream primers for PAI-1, TGF-␤, and ␤-actin (internal control) as described (22, 23) . After reverse transcription and PCR amplification in the presence of 32 P end-labeled 5Ј primers, PCR products were electrophoresed on 1.8% agarose gels. The appropriate bands corresponding to the internal standard cRNA product and the target mRNA product were excised from the gel, and the incorporated radioactivity was quantified by using a scintillation counter. A standard curve for the internal control cRNA was constructed and used to determine the specific activity of the target mRNA as described (22, 23, 27) . Variations in sample loading were assessed by direct comparison to ␤-actin mRNA. In situ hybridization on paraffin-embedded tissue sections (3-5 ) was performed as described by using 35 S-labeled antisense or sense riboprobes (30) . Slides were exposed in the dark at 4°C for 4-8 weeks. After developing the slides, they were counterstained with hematoxylin and eosin.
Statistical Analysis. Statistical comparison of results was performed by using the unpaired Student's t test.
RESULTS

Changes in PAI-1 Expression in ob͞ob Mice After Injection of a Neutralizing Antibody to Mouse TNF-␣.
We previously demonstrated that pretreatment of mice with neutralizing antibodies to TNF-␣ blocked the subsequent induction of PAI-1 (31) and CD14 (32) by endotoxin. Experiments therefore were performed to determine the effects of these neutralizing antibodies on the levels of PAI-1 in the plasma and adipose tissues of obese mice. Fig. 1 shows that obese mice treated with the neutralizing antibody for 6 hr had approximately 45% lower plasma PAI-1 antigen levels than the obese controls injected with normal hamster IgG (Fig. 1 A; P Ͻ 0.02). The antiserum reduced PAI-1 mRNA in adipose tissues by approximately 90% (P Ͻ 0.0001), to levels that approached those in adipose tissues from lean mice (Fig. 1B ). These results demonstrate the direct involvement of TNF-␣ in the elevated plasma and adipose tissue PAI-1 observed in this model of murine obesity.
Effect of Deletion of TNFRs on PAI-1 Expression in ob͞ob Mice. The potential role of TNF-␣ in the elevated PAI-1 levels in obesity was further examined in mice that lacked both TNFRs (p55 and p75) and thus could not respond to endogenous TNF-␣. When compared with normal ob͞ob mice, the receptor-deficient obese mice had significantly reduced levels of PAI-1 antigen in the plasma (52% reduction; P Ͻ 0.01; Fig.  2A ) and PAI-1 mRNA in the adipose tissues (78% reduction; P Ͻ 0.0009; Fig. 2B ). These results are comparable to the results obtained in the antibody experiments described above and thus prove the hypothesis that TNF-␣ plays a key role in the elevated expression of plasma and adipose tissue PAI-1 observed in this model.
Effect of Deletion of TNFRs on Plasma Insulin and Adipose Tissue TGF-␤ Levels in ob͞ob Mice. TNF-␣ has been implicated in the compensatory hyperinsulinemia (9, 10) and elevated TGF-␤ (27) that accompany obesity. To directly investigate the role of TNF-␣ in the regulation of these mediators in vivo, we measured plasma insulin and adipose tissue TGF-␤ mRNA levels in ob͞ob mice lacking TNFRs. Plasma insulin levels were reduced significantly (P Ͻ 0.02) in ob͞ob mice lacking both TNFRs when compared with control ob͞ob mice (Table 1) , in agreement with previous reports (28, 33) . TGF-␤ gene expression in the adipose tissue also was significantly decreased (i.e., by over 80%; P Ͻ 0.01) in male mice lacking both TNFRs. There also was a trend toward decreased total TGF-␤ antigen levels in the plasma of ob͞ob mice lacking both receptors (4.6 Ϯ 2.4 ng͞ml) compared with wild-type ob͞ob mice (13.7 Ϯ 6.9 ng͞ml). However, this difference was not significant (P Ͻ 0.08) probably because of the small number of animals used (n ϭ 6). Thus, elevated endogenous TNF-␣ contributes to the observed elevation in plasma insulin and adipose tissue TGF-␤ mRNA in obese mice.
Effect of Exogenous TNF-␣ Treatment on PAI-1 Expression in Wild-Type and TNFR-Deficient Lean Mice. To begin to investigate the role of p55 TNFR and p75 TNFR in TNF-␣-induced elevation of PAI-1, we determined plasma PAI-1 antigen and adipose tissue PAI-1 mRNA expression after injection of TNF-␣ (4 g͞mouse) into wild-type and TNFRdeficient lean mice. PAI-1 antigen in the plasma of the wild-type mice was induced approximately 30-fold (P Ͻ 0.000001) by TNF-␣ treatment, and this response was not observed in mice lacking both receptors (Fig. 3A) . This lack of response in the receptor-deficient animals seemed to be primarily caused by the absence of p55 TNFR because mice lacking p75 TNFR appeared to have a normal response. Moreover, induction in the p55 TNFR-deficient mice, while significant (P Ͻ 0.04), was only about 10% of that of the wild-type mice. In the adipose tissue, PAI-1 mRNA levels were induced approximately 10-fold in the wild-type lean mice ( Fig.  3B ; P Ͻ 0.009), and this response again was abolished in the mice lacking both receptors. In contrast to the plasma results (Fig. 3A) , the induction of PAI-1 mRNA in the adipose tissue of mice lacking either the p75 or p55 TNFR appeared to be relatively normal (P Ͻ 0.004 and P Ͻ 0.004, respectively). This observation suggests that TNF-␣ signaling of PAI-1 mRNA in the adipose tissue can be mediated by both receptors. These results were confirmed by in situ hybridization (Fig. 4) . For example, no signal for PAI-1 mRNA was detected in adipose tissues from untreated mice (Fig. 4A) . However, after TNF-␣ treatment, a strong hybridization signal was apparent in adipocytes in the wild-type lean mice (Fig. 4B ), but not in the TNF-␣-treated mice lacking both receptors (Fig. 4C) . A positive signal also was observed in lean mice lacking either p55 (Fig. 4D) or p75 (Fig. 4E) TNFR. Taken together, these results suggest that in the adipose tissue signaling in response to exogenously administered TNF-␣ can be mediated by either the p55 or p75 TNFR.
Effect of Exogenous TNF-␣ Treatment on TGF-␤ Expression in Wild-Type and TNFR-Deficient Lean Mice.
We previously demonstrated that exogenous i.p. injection of TNF-␣ (4 g͞mouse) increased TGF-␤ mRNA expression in adipose tissue of normal CB6 mice (27) . Here we determined the role of the p55 and p75 TNFRs in this induction. TGF-␤ mRNA levels were significantly induced by TNF-␣ treatment in adipose tissues from wild-type lean mice (P Ͻ 0.03, Fig. 5 ), and this response was abolished in mice lacking both receptors. The response to TNF-␣ in the p75 TNFR-deficient mice appeared to be relatively normal (P Ͻ 0.004), whereas the p55 TNFRdeficient animals showed no response at all. These results suggest that the predominant mode of signaling by TNF-␣ for TGF-␤ expression in the adipose tissue is through the p55 TNFR.
These results also were confirmed by in situ hybridization analysis (Fig. 6) . A weak, but consistent, signal for TGF-␤ mRNA was detected in multiple cell types in the fat from untreated mice (Fig. 6 A and B) . This signal was increased after TNF-␣ treatment of the wild-type mice (Fig. 6C ) and mice lacking only the p75 TNFR (Fig. 6F) . However, the signal for TGF-␤ mRNA was not increased after treatment of mice lacking either both TNFRs (Fig. 6D) or the p55 TNFR (Fig.  6E) .
In spite of the results shown in Figs. 5 and 6, we were unable to demonstrate significant increases in plasma TGF-␤ in response to TNF-␣ (not shown). Thus, the increased TGF-␤ mRNA level in adipose tissue is not reflected as increased TGF-␤ antigen in the plasma, suggesting that either additional posttranscriptional mechanisms are involved or that TGF-␤ in the fat may play a more local autocrine or paracrine function.
DISCUSSION
Obesity is a complex metabolic disorder that often is associated with insulin resistance and hyperinsulinemia as well as with accelerated atherosclerosis, hyperlipidemia, hypertension, elevated PAI-1, and elevated TGF-␤ (2, 3, (11) (12) (13) (14) 27) . The fact that these changes frequently occur in obesity (syndrome X, ref. 1) suggests a common etiology. Although several observations indicate that TNF-␣ is elevated in obesity and contributes to the insulin-resistant state (5) (6) (7) (8) 10) , the role of this cytokine in other pathologies of obesity is largely unknown. In this study, we demonstrate that obese mice treated with neutralizing antibodies to TNF-␣, or lacking both the p55 and p75 TNFRs, not only have increased insulin sensitivity as reflected by reduced levels of plasma insulin (Table 1) (28, 33) , but also have significantly reduced levels of plasma PAI-1 antigen and adipose tissue PAI-1 and TGF-␤ mRNAs ( Figs. 1  and 2 ; Table 1 ). These observations provide direct evidence that TNF-␣ is a common link between obesity, insulin resistance͞hyperinsulinemia, PAI-1, and TGF-␤, and thus establish a central role for TNF-␣ in a number of the metabolic disorders associated with obesity (Fig. 7) . The recent demonstration by other investigators (34) that TNF-␣ also regulates plasma triglyceride levels and glucose homeostasis further supports this conclusion. Taken together, these observations raise the possibility that this cytokine may be a useful target for pharmacological interventions designed to treat the complex cardiovascular risk profile associated with this condition.
The biological responses of TNF-␣ are mediated through its two receptors, and these receptors are expressed by most nucleated cells, including adipocytes (28, 33, (35) (36) (37) . The p55 TNFR elicits a variety of proinflammatory cellular responses and appears to mediate many of the biological effects of TNF-␣ (38-42). Although p75 TNFR also signals in response to TNF-␣, it appears to be involved in a more limited number of cellular responses, including proliferation͞cell viability and cytokine production (43) (44) (45) . Experiments therefore were performed to define the role played by each of these receptors in the elevation of plasma PAI-1 antigen and adipose tissue PAI-1 and TGF-␤ mRNAs. Relatively normal induction of plasma PAI-1 antigen (Fig. 3A) , adipose tissue (Fig. 3B) , and adipocyte (Fig. 4 D and E) PAI-1 mRNAs were observed when exogenous TNF-␣ was administered to lean mice lacking p75 TNFR. Unexpectedly, significant induction of plasma PAI-1 antigen (i.e., 2.5-fold) and adipose tissue PAI-1 mRNA (8-to 10-fold) also was observed when TNF-␣ was administered to the p55-deficient mice (Figs. 3 and 4) . These results indicate that in the absence of the p55 receptor, TNF-␣ can induce PAI-1 through p75 TNFR. Thus, although p55 TNFR and p75 TNFR are unrelated proteins and therefore presumably control different intracellular signaling events (37), they both have the potential to regulate PAI-1 in the adipose tissue. These considerations suggest that the two pathways share common elements for the regulation of PAI-1 by exogenous TNF-␣. The involvement of both receptors in the TNF-␣-mediated regulation of PAI-1 in the adipose tissue is unusual because single receptors seem to mediate the effects of TNF-␣ reported for other systems (43) (44) (45) . In this regard, the induction of TGF-␤ mRNA by TNF-␣ in adipose tissue also appears to be mediated by a single receptor, p55 TNFR (Fig. 6 ). Finally, it should be emphasized that these results with lean mice may not apply to obese mice. Obviously, analysis of PAI-1 expression in ob͞ob mice lacking either the p55 TNFR or p75 TNFR is necessary to conclusively determine the role of each receptor in the regulation of PAI-1 in these animals.
The mechanism(s) by which neutralization of TNF-␣ or deletion of its receptors leads to reduced PAI-1 may be complex. TNF-␣ appears to directly induce PAI-1 gene expression in a variety of cells and tissues, including the adipose tissue. However, TNF-␣ also leads to elevated plasma insulin and elevated TGF-␤ mRNA in the adipose tissue of obese mice, and both insulin and TGF-␤ have been shown to independently increase PAI-1 expression in the plasma and adipose tissue (22, 23, 27 ). Thus, it is possible that the observed decrease in PAI-1 in ob͞ob mice lacking both receptors or treated with the neutralizing antibodies may reflect not only the absence of TNF-␣ but also the decreased insulin and TGF-␤ associated with this condition (Table 1) . Additional experiments need to be performed to resolve this issue. Finally, and importantly, it should be noted that whereas adipose tissue expression of PAI-1 and TGF-␤ mRNAs was reduced by 75-90% in mice lacking TNF-␣ or a TNF-␣ signaling system ( Figs. 1 and 2 ; Table 1 ), the PAI-1 antigen in the plasma was reduced only by 45-50%. We considered the possibility that the apparent discrepancy between the partial decrease in plasma PAI-1 and the quasitotal decrease in adipose tissue PAI-1 mRNA (Fig. 1 ) in anti-TNF-␣-treated ob͞ob mice may be a kinetic ''artifact.'' However, plasma PAI-1 levels were still only decreased by 50% at later times (i.e., 24 hr; data not shown). This observation, together with the very short half-life of plasma PAI-1 (10-15 min), argues that the difference between plasma PAI-1 antigen and adipose tissue PAI-1 mRNA is not a kinetic effect. Rather, this apparent discrepancy probably reflects the fact that the origin of plasma PAI-1 antigen is a complex process. For example, multiple tissues besides adipose tissue probably contribute to the final plasma PAI-1 levels. Moreover, changes in the rate of PAI-1 clearance, and mediators other than TNF-␣, may be involved in the regulation of plasma PAI-1 levels. In this regard, the levels of plasma PAI-1 antigen and adipose tissue PAI-1 mRNA in lean mice lacking both TNFRs were not significantly different from those in wild-type lean mice (Fig. 3 A and B) . Thus, constitutive synthesis of PAI-1 in lean adipose tissue does not appear to be mediated by TNF-␣. Therefore, it is also possible that part of the increase in plasma PAI-1 observed in ob͞ob mice may be the result of increased constitutive (i.e., not induced by TNF-␣) production of PAI-1 by the adipose tissues, because in obese animals, the size and number of adipocytes, and thus the amount of adipose tissue mass, typically increases several-fold.
In summary (Fig. 7) , we have conclusively demonstrated a key role for TNF-␣ in the elevated expression of PAI-1 in obese mice. We also have shown that TNF-␣ contributes to the elevated plasma insulin and adipose tissue TGF-␤ expression in obesity (Table 1 ). The fact that insulin and TGF-␤ are mediators with broad biological effects implies that the initial elevation of TNF-␣ in obesity is rapidly amplified through the activation of these and perhaps other genes. There are a number of potential pathophysiological consequences of these changes. For example, elevations in TGF-␤ not only stimulate PAI-1, but also induce adipose tissue expression of tissue factor, the primary initiator of the coagulation cascade (46) . In addition, TGF-␤ has been implicated in atherosclerosis (47, 48) and fibrotic kidney disease (49, 50) , two common complications of obesity. Insulin itself has been reported to stimulate PAI-1 (reviewed in ref. 51) , and clearly also influences smooth muscle function, blood pressure͞hypertension, and lipid metabolism, all common features of obesity. These considerations suggest that chronic elevation of TNF-␣ in obesity initiates a cascade of events that directly contribute to the cardiovascular risk associated with this condition. The identification of the signals responsible for the increased TNF-␣ will aid in our understanding of the molecular basis of the abnormal expression of PAI-1 and other genes in obesity.
We thank Dr. J. Peschon (Immunex Research and Development Corp.) for the TNFR-deficient mice. We also thank T. Thinnes for FIG. 7. TNF-␣ and cardiovascular disease in obesity. TNF-␣ is chronically elevated in adipose tissue in obesity and contributes to the insulin resistance͞hyperinsulinemia and elevated TGF-␤ associated with this condition. TNF-␣, insulin, and TGF-␤ may, in turn, lead to elevated PAI-1, tissue factor, and possibly other hemostatic genes that may promote cardiovascular risk.
FIG. 6.
Effect of TNF-␣ on the cellular localization of TGF-␤ mRNA in wild-type and TNFR-deficient mice. In situ hybridization was performed on paraffin sections of adipose tissues from wild-type untreated mice (A and B) and TNF-␣-treated wild-type (C), p55,p75 TNFR-deficient (D), p55 TNFR-deficient (E), and p75 TNFR-deficient (E) mice. Slides were exposed for 8 weeks at 4°C and stained with hematoxylin and eosin. a, adipocytes. Arrowheads indicate positive signals for TGF-␤ mRNA in the fat. Magnification: ϫ400 for all sections.
